The ability of cells to communicate is essential during pattern formation, as they make decisions that drive growth and form. One mode of cellular signaling is via bioelectrical properties determined by the activity of ion channels. Several studies have shown a role for bioelectric signaling in planarian regeneration, but these have focused on D. japonica and S. mediterranea. It is not known how the alterations of ion channel activity would affect regeneration in other species of planaria. Here, we tested the effect of ivermectin (IVM), a chloride channel opener drug commonly used to combat heart worms, on regeneration in a new species of planaria: D. dorotocephala. Exposure to IVM during regeneration resulted in patterning abnormalities, such as bifurcated tails with partial heads, as well as delayed regeneration. By testing the effect of drugs that target resting potential on regenerative repair in novel model species, additional insight is gained on the comparative roles of ionic signaling across taxa.
Understanding how cells communicate toward making complex patterns is crucial to the development of novel regenerative therapies. Disturbances in this process, which manifest as birth defects, failures of regenerative repair, or cancer, provide important clues about the normal function of cellular decision-making in vivo. Biochemical and biophysical signals are utilized for patterning, and a number of model species facilitate the study of these processes [1] [2] [3] .
Planaria have remarkable regenerative capabilities, allowing scientists to better understand the process in repairing a complex body via manipulation of patterning activity. These free-living flatworms serve as proof-of-principle that complex regeneration of body-parts after injury is possible throughout the lifespan [4, 5] . Thus, it is essential to understand the signals and biophysical properties that underlie patterning decisions in this model system. Planaria have a complex bodyplan with many types of organs and tissues, including a nervous system consisting of a brain connected by two nerve cords running along the body to the tail that are connected by transverse nerves [6] . After amputation, each section of the body activates cells called neoblasts -an adult stem cell population responsible for producing the cell types needed for regeneration [7] . Neoblasts are pluripotent, possessing the ability to give rise to various cell types [8] . These neoblasts proliferate and migrate to replenish the missing tissues by forming a blastema [6] .
Planaria regenerate exactly what is missing and stop when the correct planarian target morphology has been achieved. Aside from specification of cell types from the planarian stem cells, regeneration requires the ability to place these cells in proper geometric relationship with each other -to produce appropriately located, sized, oriented, and patterned complex organs. This process is an active area of investigation, and a wide range of genetic and biophysical processes are involved [9] [10] [11] . In complement to the mainstream work on biochemical signaling in planarian regeneration, here we focused on the role of ionic controls of repair.
Like the neurons in the brain, cells in all tissues consist of electrical networks to process information and communicate with each other through the membrane in order to make critical patterning decisions, such as those required for regeneration [10] . Ion channels, which are regulated by numerous physiological signals (including resting potential itself), allow ions to cross the membrane creating voltage gradients across all tissues [10, 12] .
Bioelectrical signaling via changes in cells' plasma membrane voltage is an initiator of regeneration, and is a signaling modality that underlies complex patterning in numerous model species [10, 13, 14] . One method of altering membrane voltage for functional experiments is to open or close specific ion channels using drugs such as ivermectin (22,23-Dihydroxy-avermectin B). IVM binds to glutamate-gated chloride channels (GluCl) which increases the permeability of chloride ions across the cell membrane [15] ; this reagent has been used to regulate bioelectric signaling in cancer [16] , innervation from transplants [17] , and brain patterning [18] . Therefore, exposure to IVM could result in alterations of normal repair processes, shedding light on the roles of chloride channels in regeneration. By altering pattern formation of the regenerating flatworms, analysis of anatomical outcomes will provide insights into the biophysical capacity of regeneration.
Malfunctioning ion channels have been linked to a range of birth defects (channelopathies) and cancer [2, [19] [20] [21] [22] [23] , while modulation of resting potentials in vivo has been used to override default patterning outcomes in developmental, regenerative, and neoplastic contexts [26, 27] . New treatment approaches will require a better understanding of the endogenous function of such channels in order to control their contributions to the control of growth and morphology [24, 25] . Planarian species such as D. japonica and S. mediterranea have been recently used to reveal how ion transport and the resulting voltage gradients control pattern during regeneration [10, 16, [26] [27] [28] [29] [30] [31] [32] [33] . However, differences have been reported in these two worm species' phenotypes resulting from V mem modulation, and it is not known how bioelectric signaling functions in other species of planaria. In order to have a more comprehensive understanding of bioelectrics across different species, we explored the role of the altered ion channel activity in the regenerative process using D. dorotocephala. These data for the first time reveal the dosage tolerance and regenerative outcomes of exposure to ivermectin in this species.
Materials and Methods
Animal husbandry D. dorotocephala were supplied by Carolina Biological Supply Company and were starved ≥ 5 days before use to reduce metabolic variability amongst the worms [34] . Planaria were not fed for the duration of the experiment. Each concentration of planaria used 60 fragments of worms in order to collect adequate data and increase the statistical accuracy of results
Preparation and pre-soak
Before receiving planaria, 15 petri dishes (60x15mm) were rinsed in water. Spring water (Deer Park) was used throughout, to avoid the toxicity that may be caused by the chlorine in tap water [35] . Then each dish was filled with 9.90mL of spring water using a Fisher Scientific 10mL sterile disposable serological pipets. The stock solution of 10mM of ivermectin in DMSO was diluted to 100μM to allow the pipettes to take in a more precise amount, thus avoiding possible errors [26] . DMSO was used as a solubility-enhancer of IVM in the aqueous solution [36, 37] . Using a VWR brand micropipette (100μL and 200μL) with the attached VWR's Pipet tips, 100μL (1μM) of IVM was added to each dish except for the controls (0µM). The remaining IVM was separated equally into a total of four individual Eppendorf tubes to avoid thawing IVM aliquots multiple times. For the control (0µM), 1μM of DMSO (99.9% pure liquid Dimethyl sulfoxide by Nature's Gift) was added to three petri dishes labeled "control" in order to standardize the concentration of all pre-soaks. All other concentrations received 1μM of IVM in DMSO into 9.90mL of water. The purpose of the soak exposure is to allow IVM to penetrate into the tissue of the planaria, so that the IVM will have an effect during the first phases of regeneration [26] . Upon arrival of planaria, 10 planaria were immediately transferred to each of the 15 petri dishes using a 3mL pipette without transferring any water. A cardboard box was used to cover the dishes as planaria are lightsensitive [38] . After 24 hours, all the water from every petri dish was removed using a 10mL pipette without extracting the planaria. Then the soak was refreshed by re-applying the soak measurements as before by adding water and IVM/DMSO to the designated dishes. After another 24 hours, all liquids from the dishes were removed. Another separate set of 15 petri dishes were rinsed with spring water and labeled heads (h) and tails (t) with six dishes designated for each concentration.
Drug treatment and Amputation
All concentrations were prepared as a 10mL solution. The ivermectin concentrations used were: control (0µL IVM in 10mL spring water), Pre-soak (0µL IVM in 10mL spring water), 0.5µM (50µL IVM in 9.95mL spring water), 1.0µM (100μL IVM in 9.90mL spring water), 1.0µM (w/o soak) (100μL IVM in 9.90mL spring water), and 5.0µM (500μL IVM in 9.50mL spring water). Planaria treated with 1.0µM (w/o) soak was not exposed to the soak prior to amputation, but received the same concentration of 1µM of IVM treatment. DMSO-treated controls were used to show DMSO not to be a deterrent in regeneration. A Pre-soak consisted of the soak, but no treatment post-amputation. Planaria were transferred into IVM solutions with a colony of 10 in each petri dish right after. Immediately, planaria were bisected horizontally using a sharp scalpel and applying a rocking motion. Planaria were left in the IVM treatments for eight days and observed post amputation for a total of 13 days post soak ( Fig. 1) .
Image collection and Statistical analysis for phenotypic data
Images were collected using a iPhone camera shot through a Swift M3500D Biological Microscope. T-tests were run through Fathom Dynamic Data Software. Chi-square tests were generated using the Easy Fisher Exact Test Calculator.
Results

Establishing a toxicology profile for ivermectin in Dugesia dorotocephala
In order to identify an appropriate (non-toxic) exposure profile for ivermectin in this species of planaria, we examined the mortality incidence over the course of the observation period post amputation of several different concentrations of the drug. These data revealed a correlation between IVM concentration and mortality rates. Planaria treated with IVM for eight days responded with adverse effects of tissue degeneration and death. Higher concentrations of IVM resulted in increased mortality: IVM at 5.0µM was highly toxic and induced fatal reactions within a short timespan (≤48 hours) as well as lysis of planaria ( Fig. 2Aii  compared to Fig. 2Ai ). The fourth day of observation exhibited the highest mortality increase for 1.0µM and 1.0µM (w/o soak) at 41.7%, while the highest mortality increase occurred on ninth day for 0.5µM with 18.3% mortality (Fig. 2B ). The control (0µM) and Pre-soak (received a soak, but no treatment post-amputation) resulted in a 0% mortality incidence. Not only did the mortality incidence increase with increasing IVM dosages, but the rate at which these incidences appeared accelerated. However, 0.5µM had the lowest final mortality incidence of 45%, a more suitable concentration to use compared to the other concentrations with mortality incidences of 91.67% (1.0μM), 70% (1.0μM (w/o soak)), and 100% (5.0μM) (Fig. 2C ). This established a usable level of IVM exposure that allowed for investigation of subtle patterning phenotypes in the absence of significant general toxicity in subsequent experiments.
Ivermectin exposure delays planarian regeneration
In order to determine the regeneration rate of planaria under varying IVM concentrations, we averaged the tracked daily growth of head/tail regeneration. The control (0µM) averaged 8.84 days until full regeneration with a standard deviation of 1.937, Presoak 9.95 with a SD of 1.486, 0.5µM 10.89 with a SD of 1.945. 1.0µM averaged 12 days until full regeneration, 1.0µM (w/o soak) 6, and 5.0µM had no recordable data due to 100% mortality (Fig.  3) . Regeneration data was scored using the living planaria. DMSO vehicle was added to the control (0µM) revealing DMSO to not be a deterrent in the regeneration speed. Error bars not shown for experiments where N<5 due to toxicity. The T-test was performed using Fathom Dynamic Data Software on the number of days until full head/tail regeneration of planaria treated with control (0µM), 0.5µM, and 1.0µM IVM; the observed delays in the treated groups were seen to be significant at t<0.0001. We conclude that exposure to IVM delays the regenerative response.
Ivermectin exposure alters anatomical pattern of planarian regeneration
During the observation period, planaria exposed to IVM deviated from its programed pattern formation and revealed phenotypic abnormalities. Exposure to ivermectin at 1.0μM and 0.5μM induced protrusions along the trunk and anterior of the worms (Fig. 4Aii and iv) . Protrusions appeared to be light in color. Planaria regenerating in 0.5μM IVM revealed the greatest variety of altered morphologies, most likely due to decreased toxicity as compared to the higher dosages ( Fig. 5A and B) . Abnormal morphologies included incomplete regeneration (Fig. 4Av ), no regeneration (Fig. 4Aiii ), bifurcated tail (Fig. 4Biii) , and bifurcated tail with partial head (Fig. 4Bi , ii, and iv). 5.0μM IVM had no recordable data of morphologies due to the 100% mortality incidence. Phenotypic assessments were made scoring the living planaria. For planaria soaked in treatments of 0.5µM, 1.0µM, and 1.0µM (w/o soak), a chi-square test comparing to controls was significant at p<0.01, thus demonstrating that ivermectin exposure alters morphogenesis during axial patterning in planarian regeneration.
Discussion
In this study, performed for the first time on D. dorotocephala, we demonstrated that exposure to ivermectin, resulted in abnormal pattern formation. Focusing on a new species of planaria, as compared to most other studies using D. japonica and S. mediterranea, allows for additional novel data on a chloride channel opener drug's effects. Moreover, establishing a toxicity profile on these planaria facilitates further research on bioelectric properties in this model. As the concentration of IVM increased, abnormalities and mortality increased as well, and the number of days until full head/tail regeneration was delayed. Mortality was especially evident in planaria treated with 5.0μM of IVM. Phenotypic results included protrusions (of unknown tissue composition), partial head, incomplete regeneration, and no regeneration; however, the most noteworthy morphology is the bifurcated tail, reported (to our knowledge) for the first time in this species of planaria. The effects of IVM reveal the role for ivermectin's target in cells' patterning decisions during regeneration in this species.
IVM's alteration of chloride ion flow via voltage membrane was likely responsible for the changes in pattern formation and the protuberances [10] , although the existence of additional targets of IVM in this species cannot be ruled out by our data. The most likely mechanism involves a change in flux of chloride ions through the glutamate-gated chloride channels (GluCl), which changed the membrane voltage, a regulator of polarity, initiating partial head formation on the bifurcated tail [26, 45, 46] . Future studies will extend these results by measuring the membrane voltage directly and recording the relative concentration of chloride ions inside vs. outside of the cell. The use of voltagesensitive reporter dyes, such as DiSBAC2(3), DiSBAC4(3), and CC2-DMPE, as well as expression analysis with molecular markers of regenerative patterning, will enable future characterization of the mechanisms by which changes in channel activity alter pattern regulation during regeneration [2, 39, 40] .
Recent experiments have begun to reveal that changes in patterning and morphogenesis are triggered by endogenous bioelectrical changes in ion signaling and bioelectrical gradients [27, 41, 42] . This is due to the fact that patterns of ion flows carry information during planarian regeneration regarding pattern formation; therefore, an altered state of signaling could have induced the changes observed in experimentation [10, 26, 43, 44] . IVM, a chloride channel opener drug, was reported to cause cell depolarization due to membrane voltage disturbances in planaria as well as C. elegans, and was shown to be sufficient to alter pattern formation [10, 26, 28] .
Anatomical polarity can be altered by bioelectric gradient dynamics, [47] [48] [49] . This is due to the spatial patterns of membrane polarization in planaria being important for regeneration; significant alteration can be expected to alter the patterning outcome [26, 44] . In order to understand the establishment of anterior-posterior anatomical polarity and the role of ionic gradients therein, detailed measurements of electrical properties across this species of planaria will be needed, to compare and contrast against available data in the other model species.
Planarians are an excellent model system for identifying new controls of growth and form. It is especially well-suited for the discovery of biophysical signals underlying regeneration, and for the screening of reagents that can be used to manipulate bioelectric signaling. Here, we identified fascinating regenerative phenotypes in a new planarian model species, consistent with a broad role of bioelectric properties in repair and remodeling. A better understanding of how ion channels contribute to patterning decisions will drive important advances in biomedicine addressing traumatic injury, aging, and perhaps other diseases with a significant patterning component (such as cancer and birth defects). The schematic represents the Pre and Post Amputation experiments. Pre Amputation includes transport in which the planaria were transferred from the container they were shipped in into the prepared petri dishes, two day soak, and amputation. Post Amputation includes checkpoints during eight day treatment and observation out of treatment for five days. The total procedure lasted 17 days. The number of days until full head/tail regeneration was quantified. Under higher concentrations of IVM, the length until full regeneration of planaria increased. Data consisted of only planaria that regenerated. The number of planaria that regenerated for each concentration is as followed: Control (0µM) (59 planaria), Pre-soak (63 planaria; during the experimental set up, more than 30 planaria prior to amputation were included in experimentation for Pre-soak), 0.5µM (21 planaria), 1.0µM (1 planaria), 1.0µM (w/o soak) (1 planaria), 5.0µM (0 planaria). Statistical Analysis by T-test was created using Fathom Dynamic Data Software. T-test indicates significant difference between treated and control groups to p<0.01. N=60 fragments per concentration. 
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